A large quantity of oyster shell is generated every year in coastal regions. Instead of being dumped as waste, after crushing or grinding, oyster shell may be recycled for use in concrete. Herein, the use of crushed oyster shell (COS) in conjunction with fly ash (FA) and blastfurnace slag (BS) to produce marine concrete was studied. By varying the COS, FA and BS contents in the marine concrete, the combined effects of COS, FA and BS on the cube compressive strength, water penetration, cyclic wetting-drying chloride attack and long-term seawater attack resistances were evaluated. The results showed that the addition of proper amounts of COS, FA and BS has positive effects on the strength and durability of marine concrete, but excessive COS may have negative effects. Hence, the combined addition of COS, FA and BS up to a certain optimum COS content is a promising way of producing a higher performance and greener marine concrete.
INTRODUCTION


The utilization of waste materials in the production of concrete so as to recycle the waste, reduce cement and aggregate consumptions and improve concrete performance has become a popular research topic [1 -5] . Particularly, the industrial waste including fly ash (FA) and blastfurnace slag (BS) are nowadays commonly used as supplementary cementitious materials for partial replacement of cement [6 -14] . In fact, FA and BS have become indispensable ingredients for the production of not only conventional concrete, but also high-performance concrete.
Among the various solid wastes, oyster shell (the calcareous shell of oyster), which is a waste from fishery and aquaculture, is probably amongst the least explored for possible use in concrete production. It is composed mainly of CaCO3 (about 96 %) and trivial amounts of some other minerals, as reported by Yoon et al. [15] . The major elements are calcium (37.4 %), sodium (0.6 %) and magnesium (0.3 %), as reported by Kwon et al. [16] . Taking the example of China, approximately 3 million tons of oyster shell is produced in the coastal regions every year [17] . However, despite a large quantity of oyster shell being produced worldwide, only a very small amount is recycled and used as handicrafts, fertilizer or additive in food [18 -21] . Instead, most of the oyster shell is just dumped, causing hygienic and environmental problems.
In recent years, some researchers have directed their attention to the potential use of seashell in concrete. For instance, Yang et al. used crushed oyster shell as fine aggregate substitute and found that this has positive effect on the early strength, slight negative effect on the elastic modulus, and little effect on the freezing and thawing, carbonation, chemical and penetration resistances of concrete [22, 23] . Muthusamy and Sabri observed that the use of cockle shell as coarse aggregate replacement could reduce the workability due to its angular shape and rough texture [24] . Nguyen et al. used a seashell by-product as coarse aggregate replacement to produce pervious concrete paver and noted that this could improve the porosity and reduce the bulk density [25] . Olivia et al. used ground cockle shell as cement replacement and found that the concrete so produced had lower compressive strength but higher tensile and flexural strengths than normal concrete [26] . Li et al. successfully used oyster shell ash to replace lime in the production of unfired bricks [17] . Eo and Yi tried to applied oyster shell as aggregate substitution to produce lightweight concrete and hollow concrete blocks [27] . Martínez-García et al. demonstrated that by heattreatment at 135 ºC for 30 min, mussel shell can be used as aggregate, and the replacement rate for fine or coarse aggregate can be up to 25 % [28] .
Being readily available in many coastal regions, oyster shell should have a high potential for use in the production of marine concrete. However, some researchers have found that with crushed oyster shell (COS) added, the water penetration and chloride resistances of the concrete would decrease as the COS content increases [29] . Hence, it is suggested herein that it is better to add COS together with FA and BS for the following reasons: (1) FA and BS can improve the durability performance of marine concrete [30 -35] so as to compensate for the possible adverse effects of COS; (2) since COS, FA and BS are all from wastes sources, the utilization of COS, FA and BS can produce a greener marine concrete to conserve the environment; and (3) the use of COS can reduce the cost of concrete production, especially in remote offshore regions or islands. However, there is little research on marine concrete containing COS, FA and BS.
In the study presented herein, COS was added together with FA and BS to produce marine concrete mixes with varying COS content, (FA + BS) content, and FA/BS ratio. These concrete mixes were subjected to cube strength test, water penetration test, cyclic wetting-drying chloride attack test, long-term seawater attack test and chloride content test to investigate the effects of COS, FA and BS on the strength and durability of marine concrete, and to find out the optimum mix proportions for best overall performance. This research is the first stage of a longer term study on the exploitation of oyster shell in marine concrete production in coastal and offshore regions. At a later stage, the oyster shell will be ground to different fineness to produce oyster shell fines for use as cementitious materials replacement or cementitious paste replacement.
EXPERIMENTAL DETAILS
Materials
In this study, cement, fly ash (FA) and blastfurnace slag (BS) provided by local suppliers in China were used as the cementitious materials. The cement used was an ordinary Portland cement of strength class 42.5R with a relative density of 3.08, whereas the FA and BS used had relative densities of 2.33 and 2.66, respectively. In the concrete mix design, both the FA and BS were added as equal weight replacements of cement.
Regarding the aggregates, river sand (RS) with a relative density of 2.58 and a fineness modulus of 2.60 was used as the fine aggregate and crushed granite rock with a relative density of 2.67 and particle size ranging from 5 to 20 mm was used as the coarse aggregate. In this study, the oyster shell to be recycled for use in concrete was provided by South China Sea Fisheries Research Institute. It was first heated at 105 ºC for 2 hours and then crushed to a particle size of about 1 to 2 mm to become crushed oyster shell (COS). It has been measured to have a relative density of 2.14. In the concrete mix design, the COS was added as an equal weight replacement of RS.
A laser diffraction particle size analyzer (Beckman Coulter LS 13 320) was used to measure the particle size distributions of the cement, FA and BS, and the particle size distributions so obtained are plotted in Fig. 1 . On the other hand, the mechanical sieving method was used to measure the particle size distributions of the aggregates, and the particle size distributions so obtained are plotted in Fig. 2 . From these two figures, it can be observed that the particle size increased in the order of FA to BS to cement, and RS to COS to coarse aggregate.
The RS, coarse aggregate and COS were measured to have moisture contents of 0.21 %, 0.11 % and 0.30 %, respectively, and water absorptions of 1.10 %, 1.04 % and 10.48 %, respectively. It should be noted that the water absorption of the COS is particularly high; such high water absorption had been allowed for in the concrete mix design. Nevertheless, such high water absorption of the COS should play a positive role in providing internal curing. For the cement, FA, BS and COS, a scanning electron microscopy (SEM) test via a Hitachi S-3400N-II was used to study the micro-morphology and a X-ray diffraction (XRD) test via a Rigaku D/MAX-Ultima IV was used to determine the chemical composition. The SEM images and XRD patterns of cement, FA, BS and COS are presented in Fig. 3 to Fig. 6 , respectively. From the SEM images, it is observed that the cement, BS and COS particles are angular in shape due to the crushing or grinding process in their production, whereas the FA particles are spherical in shape because of their formation in hot exhaust gas environment. From the XRD patterns, it is obvious that the cement is composed mainly of C2S, C3S and various kinds of oxides (SiO2, CaO, Al2O3, Fe2O3 and MgO), the FA and BS are composed of C2S and various kinds of oxides (SiO2, CaO, Al2O3 and Fe2O3), and the COS is composed mainly of CaCO3.
Lastly, a third-generation, polycarboxylate -based superplasticizer (SP) with a solid mass content of 18 % and a relative density of 1.07 was added to the concrete mixes. It is a commonly used SP for the production of highperformance concrete. 
Mix proportions
The concrete mix design was based on grade C40 normal concrete, in which the water/cementitious material (W/CM) ratio was set at 0.33, and the mass contents of cementitious materials (cement + FA + BS), fine aggregate (RS + COS) and coarse aggregate were fixed at 460, 740 and 1065 kg/m 3 , respectively. On the other hand, the SP dosage (liquid mass of SP expressed as a percentage by mass of total cementitious materials) was fixed at 2%. The testing program was divided into two phases and in each phase, one series of concrete mix was tested.
In Phase I, to investigate the effects of the three mix parameters, COS content, (FA + BS) content and FA/BS ratio, on the strength and durability of concrete, one concrete mix without COS, FA and BS was set as a control mix for comparison, and nine other concrete mixes with the three mix parameters set according to the 3-factor orthogonal experimental design method [36] were produced for testing, as depicted in Table 1 . Among the three mix parameters: factor A, the COS content expressed as a percentage by mass of total fine aggregate, was set at 5 %, 10 % or 20 %; factor B, the (FA + BS) content expressed as a percentage by mass of total cementitious materials, was set at 10 %, 20 % or 30 %; and factor C, the FA/BS ratio by mass, was set at 0.5, 1.0 and 2.0.
The control mix was identified as C40, whereas the other nine concrete mixes were identified as C-X-Y-Z, in which C denotes concrete, X denotes the level of factor A, Y denotes the level of factor B and Z denotes the level of factor C. For each factor, three levels were defined as tabulated in Table 1 . Details of the concrete mix proportions are presented in Table 2 .
In Phase II, to further investigate the effects of COS content on the strength and durability of concrete and find out the optimum COS content, one concrete mix without COS, FA and BS added was set as a control mix for comparison, and six other concrete mixes with the (FA + BS) content fixed at 20 %, the FA/BS ratio fixed at 2.0 but the COS content varying among 0 %, 4 %, 6 %, 8 %, 10 % and 12 % were produced for testing. The control mix was identified as C40, whereas the other six concrete mixes were identified as C-K, in which C denotes concrete and K denotes the COS content, expressed as a percentage by mass of total fine aggregate. Details of the concrete mix proportions are presented in Table 3 .
Cube strength test
From each concrete mix, 150 mm cubes were made by placing the concrete mix into cube moulds, inserting a poker vibrator for compaction and covering the top surface of each mould with a plastic sheet. The cubes were then stored indoor at a temperature of 24 ± 2 °C, demoulded at one day after casting and cured in lime-saturated water at a temperature of 27 ± 2 °C until the time of testing. Finally, the cubes were tested at the specified ages for their compressive strengths.
Water penetration test
The water penetration resistance of each concrete mix was tested using the water penetration tester stipulated in the Chinese Standard GB/T 50082-2009 [37] . To perform the test, three conical specimens, each with a base diameter of 185 mm, a top diameter of 175 mm and a height of 150 mm, were cast from the concrete mix, moist cured for 28 days and then air dried for 1 day. After drying, the specimens were sealed on the side surfaces with melted paraffin and then quickly transferred into the moulds in the water penetration tester. When the paraffin had completely solidified, the tester was turned on and water pressure was applied at the bottom of the moulds. The water pressure was maintained at 1.2 ± 0.05 MPa for 24 hours. Upon completion, the specimens were removed from the moulds and each split into two halves. The water marks were identified and the average depth of the water marks was taken as the water penetration depth.
Cyclic wetting-drying chloride attack test
To simulate alternate wetting-drying chloride attack, a cyclic wetting-drying chloride attack testing machine was designed and built by the Guangdong University of Technology. As shown in Fig. 7 , this machine consists of three parts: a testing chamber, a water tank and a control console. To perform the chloride attack test, three 400 mm × 300 mm × 50 mm panel specimens were cast from each concrete mix. After moist curing for 28 days, the panel specimens were each sealed at five faces with epoxy coating, leaving just one 400 mm × 300 mm face exposed to ensure one-way chloride attack. After coating, the panel specimens were placed into the testing chamber and subjected to the cyclic wetting-drying chloride attack in 24-hour cycles for 90 days. During every 24-hour wettingdrying cycle, 3.5 % sodium chloride solution at 40 °C was first pumped from the water tank to the testing chamber to immerse the concrete specimens for 8 hours. Then, the sodium chloride solution was pumped back to the water tank and hot air at 40 °C was blown onto the concrete specimens to dry them for 16 hours. After the 90 days of cyclic chloride attack, each panel specimen was tested for the chloride profile across the depth.
Long-term seawater attack test
To simulate long-term seawater attack, a field test of immersing concrete specimens into the seawater was carried out. Six 150 mm cubes and three 400 mm × 300 mm × 50 mm panels were made from each concrete mix. After curing for 28 days, three cubes were tested for their cube strengths. At the same time, the three panels were each sealed at five faces with epoxy coating, leaving just one 400 mm × 300 mm face uncoated to ensure one-way seawater attack. Subsequently, the remaining three cubes and the three panels were transferred to an artificial reef managed by South China Sea Fisheries Research Institute located in Daya Bay, Huizhou, China, and immersed into the sea to a depth of 5.5 m for 350 days (as shown in Fig. 8) . The seawater has been tested to have a salinity of 30.26‰, pH of 7.25, dissolved oxygen content of 5.96 mg/L and conductivity of 47.26 mS/cm. After a total of (28 + 350) days, the three cubes were tested for their cube strengths. The strength loss, taken as a measure of the effect of seawater attack, was calculated as 1.0 minus the ratio of the average cube strength after seawater attack to the average cube strength without seawater attack, expressed as a percentage. Besides, each panel specimen was tested for the chloride profile across the depth. 
Chloride profile test
After the cyclic wetting-drying chloride attack test and long-term seawater attack test, the chloride profiles in the tested panels were measured by taking cores from the panels and determining the chloride contents at various depths. From each core taken, dry powder samples were obtained at 2 mm depth intervals for measuring the chloride profile across the depth. The chloride content in each dry powder sample was tested by the chemical titration method stipulated in the British Standard BS EN 196-2 (2013) [38] . From the chloride profile (variation of chloride content with depth) so obtained, the chloride diffusion coefficient was evaluated by fitting the chloride profile to equation of Fick's second law of diffusion [39] .
EXPERIMENTAL RESULTS OF PHASE I
Cube strength
The 7-day and 28-day cube strength results are tabulated in the second and third columns of Table 4 , respectively, and plotted in Fig. 9 . From Fig. 9 , it is obvious that the 7-day cube strengths of the concrete mixes containing COS, FA and BS were generally higher than that of the control mix C40, indicating that the addition of COS, FA and BS had slightly improved the early strength, or at least had no adverse effect on the early strength.
On the other hand, it can be seen that except for the concrete mixes C-3-1-3, C-3-2-1 and C-3-3-2, the 28-day cube strengths of the concrete mixes containing COS, FA and BS were higher than that of the control concrete mix C40, revealing that the addition of proper amounts of COS, FA and BS had positive effect on the later strength. However, it is worth noting that the 28-day cube strengths of C-3-1-3, C-3-2-1 and C-3-3-2, which all have a COS content of 20 %, were lower than that of C40 by about 8 %. This implies that the addition of an excessive amount of COS had a negative effect on the later strength of concrete. 
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Chloride profile and diffusion coefficient
The chloride content results after cyclic wetting-drying chloride attack test are plotted against the depth from exposed surface in Fig. 10 . It is seen that the chloride content decreased with depth and all the chloride contentdepth curves flatten at around 20 mm. It is worthwhile to note that the chloride content-depth curve of C40 is lower than those of C-3-1-3, C-3-2-1 and C-3-3-2, but higher than those of the other concrete mixes.
To further evaluate the effects of COS, FA and BS on chloride penetration resistance of concrete, the chloride diffusion coefficient of each concrete mix was calculated, as tabulated in the fourth column of Table 4 and plotted in Fig. 11 . From these results, it is evident that the chloride diffusion coefficient of C40 is lower than those of C-3-1-3, C-3-2-1 and C-3-3-2 (containing 20 % COS) but higher than those of the other concrete mixes (containing 5 % to 10 % COS). This phenomenon reveals that adding proper amounts of COS, FA and BS would have positive effect on chloride penetration resistance of concrete, but adding an excessive amount of COS could have negative effect.
Water penetration depth
The water penetration depth results are tabulated in the fifth column of Table 4 and plotted in Fig. 11 . From these results, it is noted that whilst the concrete mixes C-3-2-1 and C-3-3-2 with COS content = 20 % had slightly larger water penetration depths, the other concrete mixes containing COS, FA and BS had smaller water penetration depths than that of the control mix C40. Such observed phenomenon indicates that the addition of proper amounts of COS, FA and BS generally had positive effect on the water penetration resistance but the addition of an excessive amount of COS had a negative effect on the water penetration resistance.
Comprehensive score and range
To find out the optimum mix proportions and systematically evaluate the effects of COS content, (FA + BS) content and FA/BS ratio on the overall performance of concrete, the comprehensive score Y and range R were calculated based on the orthogonal experimental design method [36] . 
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where ai, amin and amax represent respectively the 7-day cube strength of concrete mix i, minimum 7-day cube strength and maximum 7-day cube strength among the nine concrete mixes; bi, bmin and bmax represent respectively the 28-day cube strength of concrete mix i, minimum 28-day cube strength and maximum 28-day cube strength among the nine concrete mixes; ci, cmin and cmax represent respectively the water penetration depth of concrete mix i, minimum water penetration depth and maximum water penetration depth among the nine concrete mixes; di, dmin and dmax represent respectively the chloride diffusion coefficient of concrete mix i, minimum chloride diffusion coefficient and maximum chloride diffusion coefficient among the nine concrete mixes. Considering the different level of importance of early strength, long-term strength, water resistance and chloride resistance on marine concrete, weighting factors of 10, 30, 30 and 30 were applied to the Depth, mm
7-day cube strength, 28-day cube strength, water penetration depth and chloride diffusion coefficient, respectively, with a sum of 100. The last two terms bear a minus sign for the reason that smaller values of water penetration depth and chloride diffusion coefficient indicate better concrete performance.
Table 4. Test results in Phase I
Using the above equation, the comprehensive score of each concrete mix was calculated, as tabulated in the sixth column of Table 4 . From these results, it can be seen that the concrete mixes C-3-1-3, C-3-2-1 and C-3-3-2, which all have COS content of 20 %, have the lowest comprehensive scores, implying that an excessive amount of COS would have a negative effect on the overall performance of concrete. On the other hand, the concrete mix C-2-2-3, which has COS content of 10 %, (FA + BS) content of 20 % and FA/BS ratio of 2.0, has achieved the highest comprehensive score, indicating that this particular concrete mix is the optimum for best overall performance of concrete.
Secondly, the significance of each level of the factors A, B and C are established as follows. From the comprehensive scores, the sum S for each factor at each level can be calculated by adding the comprehensive scores for this factor at this level together. For example, the sum S for factor B at level 3 can be calculated by adding YC-1-3-3, YC-2-3-1 and YC-3-3-2 together, i.e. 62.2 + 53.4 + 0.6 = 116.2. The sum results so obtained are tabulated in the second to fourth rows of Table 5 . Table 5 . Calculations of sum and range Finally, to evaluate the impact degree of the factors A, B and C, the range R for each factor was calculated as the maximum sum minus the minimum sum. For example, the range R for factor C can be calculated as 182.9 -134.4 = 48.5. The range results so obtained are tabulated in the fifth row of Table 5 . Comparing the three range results, it is noted that the range of factor A (= 195.3) is higher than that of factor B (= 69.7), and the range of factor B is higher than that of factor C (= 48.5). Hence, factor A, i.e. COS content, has the highest impact on the overall performance of concrete, while factor B, i.e. (FA + BS) content, comes second, and factor C, i.e. FA/BS ratio, comes third.
EXPERIMENTAL RESULTS OF PHASE II
Since it was found in Phase I that the concrete mix C-2-2-3, which has COS content of 10 %, (FA + BS) content of 20 % and FA/BS ratio of 2.0, is the optimum concrete mix, and the COS content is the most important factor affecting the overall performance. To further find out how the concrete performance varies with the COS content and henceforth to determine the optimum COS content, one control mix C40 and a series of concrete mixes with fixed (FA + BS) content of 20 % and fixed FA/BS ratio of 2.0 but varying COS contents of 0 %, 4 %, 6 %, 8 %, 10 % and 12 %, were produced for 28-day cube strength test, long-term seawater attack test and chloride profile test. The test results are presented and discussed below.
Cube strength and strength loss
The average 28-day cube strengths of concrete mixes without subject to seawater attack are listed in the second column of Table 6 and plotted in Fig. 12 . From these results, it can be seen that the cube strength of control mix C40 is the lowest. More importantly, as the COS content increased from a low value to around 8 to 10 %, the cube strength eventually increased to the maximum, and as the COS content further increased, the cube strength started to decrease, indicating that the COS content of 8 to 10 % is the optimum for maximizing the cube strength without seawater attack. Nevertheless, at a COS content of 12 %, the cube strength was still slightly higher than that of C40. Hence, although a COS content of 12 % would not yield the highest cube strength, it had no adverse effect on the cube strength without seawater attack. Likewise, the average 28-day cube strengths of concrete mixes after subject to seawater attack are listed in the third column of Table 6 and also plotted in Fig. 12 . From these results, it is evident that the variation trend of average cube strength after seawater attack was similar to that of average cube strength without seawater attack. Basically, control mix C40 had the lowest cube strength after seawater attack, C-8 and C-10 had the highest cube strength after seawater attack. At higher COS content, C-12 had lower cube strength after seawater attack than C-8 and C-10 (but still higher than C40). Hence, the COS content of 8 to 10 % is the optimum for maximizing the cube strength after seawater attack, though a COS content up to 12 % had no adverse effect on the cube strength after seawater attack. Comparing the average cube strength after seawater attack with the average cube strength without seawater attack, it is noted that the seawater attack always reduced the average cube strength. This was due to the corrosive effect of the seawater. To further evaluate the seawater attack resistance of the concrete, the strength losses after seawater attack were calculated, as tabulated in the fourth column of Table 6 and plotted in Fig. 12 . It is evident from these results that the strength loss of C40 was the largest. More importantly, as COS was added in conjunction with FA and BS, the strength loss significantly decreased. When the COS content was increased from a low value to 10 %, the strength loss eventually decreased to the minimum. However, when the COS content was further increased to 12 %, the strength loss increased but was still smaller than the strength loss of C40. Hence, it is shown that the COS content of 8 to 10 % is the optimum for minimizing the strength loss due to seawater attack and a COS content of 12 % has no adverse effect on the seawater attack resistance.
Chloride profile and diffusion coefficient
The chloride content results after long-term seawater attack test are plotted against the depth from exposed surface in Fig. 13 . It is noted that the chloride content decreased with depth and all chloride content-depth curves flatten at around 10 mm. It is also noted that the chloride content-depth curves of C40 and C-12 are generally higher than those of the other concrete mixes, indicating that these two concrete mixes were more vulnerable to seawater attack.
To further evaluate the effects of COS content on chloride penetration, the chloride diffusion coefficient of each concrete mix was calculated, as tabulated in the fifth column of Table 6 and plotted in Fig. 14 . From these results, it is obvious that the chloride diffusion coefficient of C40 was the highest. As the COS content increased to around 8 to 10 %, the chloride diffusion coefficient decreased to the minimum values, but as the COS content further increased to 12 %, the chloride diffusion coefficient increased but remained smaller than that of C40. Hence, it is found that the COS content of 8 to 10 % is the optimum for minimizing chloride penetration, and a COS content of 12 % has no adverse effect on the chloride penetration resistance. 
CONCLUSIONS
The feasibility of using crushed oyster shell (COS) as fine aggregate in marine concrete has been studied and the effects of adding COS, fly ash (FA) and blastfurnace slag (BS) on the strength and durability of marine concrete have been tested to find out the optimum mix proportion for best overall performance and the maximum COS content without adversely affecting the strength and durability performance of the concrete produced. Based on the test results, the following conclusions are drawn: 1. The addition of proper amounts of COS, FA and BS has positive effects on the 7-day and 28-day cube strengths, water penetration resistance, cyclic wetting and drying chloride resistance and long-term seawater attack resistance of marine concrete. However, an excessive COS content of 20 % has negative effects on the 28-day cube strength, water penetration resistance and cyclic wetting-drying chloride resistance. 2. By comprehensive score and range calculations, the concrete mix C-2-2-3, having COS content of 10 %, (FA + BS) content of 20 % and FA/BS ratio of 2.0, is found to be the optimum mix proportion for best overall performance, and the COS content is the most important factor among the three factors evaluated (COS content, FA + BS content and FA/BS ratio). 3. A COS content of 8 to 10 % is the optimum for maximizing the cube strength and seawater attack resistance, yet a COS content of up to 12 % has no adverse effect on the cube strength and seawater attack resistance. Finally, it is remarked that oyster shell may be crushed for use in marine concrete not only for turning waste into a useful material, but also for improving the strength and durability performance and reducing the cost of production of marine concrete. However, it is admitted that due to limited scope of the present study, the full potential of oyster shell has not yet been exploited. Further research on the possible use of oyster shell fines with different fineness (such oyster shell fines will need to be produced by grinding) as cementitious materials replacement or cementitious paste replacement is highly recommended.
